Cellulose extracted from wheat straw, Avicel and CFll cellulose powder contained 90% (w/w) glucose, whereas filter paper and carboxymethylcellulose contained 18 % and 28 %
INTRODUCTION
The degradation of cellulose by micro-organisms is a major component of the carbon and energy flux in soil. Lignocellulosic crop residues, such as cereal straw, provide the principal input of cellulose to arable soils (Lynch, 1979) . The biodegradation of cellulose has important consequences for the cultivation of arable soils, since under conditions of restricted oxygen supply, microbial populations and metabolism change significantly with the result that phytotoxic concentrations of acetic acid accumulate (Lynch, 1977 (Lynch, , 1978 (Lynch, , 1980 ; Lynch & Gunn, 1980; . Under aerobic conditions, plant growth can be promoted by the products of cellulolysis (Lynch, 1977) , but the precise nature of the population changes is poorly understood.
Cellulose and hemicelluloses each account for about 40% (w/w) of straw and they are degraded at about equal rates and much more rapidly than the lignin component (about 14 %, w/w) under field conditions (Harper & Lynch, 198 
) .
An understanding of the overall cellulolytic activity of pure or mixed microbial cultures depends on knowledge of the activity of the three groups of enzymes involved in cellulose degradation which act synergistically (Wood & McCrae, 1978) . Activity against Avicel, carboxymethylcellulose and cellobiose (for cellobiase) provides this information.
In the present study we have isolated the cellulose fraction of wheat (Triticum aestivum) straw and compared its purity with other sources of cellulose that are commonly used in degradation studies and enzyme assays. Straw-derived cellulose was used as the substrate in a stirred fermentation vessel and in a column containing glass beads to enrich and isolate aerobic cellulolytic micro-organisms from soil, and the intra-and extracellular cellulolytic activities of these isolates were investigated.
M E T H O D S
Extraction and purijcation of cellulose from straw. Hammer-milled wheat straw (100 g) was heated at 75 O C for 2 h with 10% (v/v) acetic acid (200 ml) and sodium chlorite (60 g) in distilled water (3 1). The supernatant was then removed and replaced with a fresh solution, and the mixture was heated at 75 OC for a further 2 h. The resulting delignified straw was washed thoroughly and dried overnight at 60 OC. To remove the hemicellulose fraction, it was treated with 24% (w/v) potassium hydroxide (2 1) at 20 OC for 2, 4 or 6 h. It was then washed, neutralized with 5 % (v/v) acetic acid ( 5 0 0 ml), rewashed with distilled water, dried and ball-milled (model no. 2 fixed speed. Pascall Engineering, Crawley, Sussex) for 5 h.
Estimation of the purity of celluloses and cellobiose. The cellulose fraction produced by the above procedure and the following materials were analysed for sugar content: FMC Corporation Avicel PHlOl (Honeywill & Stein, Wallington, Surrey), BDH high viscosity carboxymethylcellulose sodium salt, cellobiose, Whatman CF 1 1 fibrous cellulose powder, and Whatman no. 1 ashless filter paper. Cellulose samples (1 g) were acid hydrolysed by adding sulphuric acid (72%, w/w: 15 ml) at 10 OC and then maintained at 20 OC in a water bath for 2 h. Water (560 ml) was then added to dilute the acid to 3% (w/w), and the hydrolysate was boiled for 4 h and filtered immediately. The filtrate was neutralized with barium bicarbonate and the water was removed under low pressure on a rotary evaporator. The sugars were extracted from the residue into methanol, which was subsequently removed on a rotary evaporator. Rhamnose (1 mg) was added as internal standard and the sugars were derivatized by the alditol acetate method and analysed by gas-liquid chromatography (Crowell & Burnett, 1967) .
The ash content of straw cellulose was measured by combustion in a furnace at 500 OC and the N content was measured using a Carlo Erba elemental analyser (model 1 106, Erba Science, Swindon, Wilts). The four media (750ml each) of different nitrogen contents were added to vessels of a type 4/11 batch fermenter (L.H. Engineering, Stoke Poges, Bucks) and inoculated with a Lawford series clay soil (1 g) in which straw residues had been decomposing for about 1 month. The cultures were stirred, aerated at 500 ml min-' and maintained at 20 OC. Samples from the culture medium and from the walls of the vessels were removed at weekly intervals for 49 d. Dilutions were made and added to tryptone soya agar, nutrient agar, malt extract agar, glucose yeast extract agar, cellulose agar (Bravery, 1968) , sucrose nitrogen-free agar (Harper & Lynch, 1979) and the enrichment medium with a C :N ratio of 10: 1 solidified with 1 % (w/v) agar. The plates were incubated at 20 O C ; individual colonies were isolated and repeatedly transferred until pure cultures were obtained.
Enrichment and isolation of micro-organisms using perfusion columns. A glass tube (40 cm x 7 cm i.d.) was filled with glass beads ( 5 mm diam.). A reservoir (2.5 1) was filled with the enrichment medium with a C :N of ratio of 10: 1. Soil (1 g) was distributed evenly amongst the glass beads and the medium was pumped through the column and continuously recirculated from the reservoir. The column was aerated at 400 ml min-' and maintained at 20 OC. After 49 d, the beads were removed from the column and samples from different depths and the liquid from the reservoir were incubated on the various media described above to isolate micro-organisms from the liquid medium.
Growth of isolates on media with dierent carbon sources. The isolates were inoculated on to agar media either with no carbon source or with straw cellulose, carboxymethylcellulose or glucose (each at 5 g 1-l). Medium A (Bravery, 1968) NH,H2P0,, 1.0; KCI, 0.2; MgS0,.7H,O, 0.2. Medium C was the isolation medium described above. Growth was estimated visually.
Quantitative analysis of cellulase production. Isolates were grown in medium A (20 ml) with purified straw cellulose at 5 g 1-l contained in conical flasks (250 ml) on a rotary shaker (220 rev. min-I) at 20 O C for 14 d. The cultures were membrane-filtered (0.22 pm). The filtrate was stored frozen. The micro-organisms were washed with water ( 5 x 10 ml) until no cellulose was evident on the hyphae. They were then transferred to Universal bottles, distilled water was added (10 ml) and they were stored frozen. Prior to use the samples were thawed and the organisms in the pellets were disrupted by sonication for four periods of 30 s while being cooled in an ice-bath.
The extracellular enzymes present in the filtrate and the intracellular enzymes from the disrupted cells were assayed by incubating samples (1 ml) with 1 % suspensions or solutions (1 ml) of Avicel, carboxymethylcellulose or cellobiose in 0.05 M-citrate buffer, pH 5.0, at 48 OC for 30 min (with cellobiose as substrate) or 1 h (with Avicel or carboxymethylcellulose as substrate). An internal standard ( 100 pl) of phenyl-f%D-glucopyranoside (10.6 mg ml-I. in pyridine) was added, and the sugars released by enzyme activity were derivatized as trimethylsilyl oximes and estimated by gas-liquid chromatography (Peterson, 1974) .
R E S U L T S
Purity of cellulose. The straw cellulose produced after 4 h treatment with alkali, to remove hemicelluloses, had a similar proportion of glucose to non-glucose residues as had Avicel and CF11 cellulose, and this was greater than the proportion in filter paper and carboxymethylcellulose (Table 1) . A further 2 h treatment with alkali did not increase the proportion of glucose in straw cellulose. The N content of the straw cellulose was less than 1 mg g-l and the ash content was 14 mg g-l.
Isolation of micro-organisms. The stirred closed culture enrichment resulted in the isolation of five fungi, two yeasts and a bacterium (Table 2 ). These organisms were present at all C :N ratios tested. The bacterium was present in the free liquid whilst the fungi were isolated from the vessel walls. During the first 7 d there were about 1 x 1Olo viable organisms ml-1 but thereafter the number of viable organisms declined to about 1 x lo9 ml-' for the succeeding 28 d, irrespective of the C :N ratio of the medium.
Isolations from the perfusion columns gave five fungi, two yeasts and two bacteria ( Table  2) , all different from those isolated from the stirred cultures. The column microflora varied according to depth, the fungi being found throughout, B. cereus only in the surface 5 cm, P. maltophilia at 1&2S cm and the yeasts at 20-25 cm.
Cellulolysis in agar plates. The fungi grew well and produced clearing zones on all media containing straw cellulose ( Table 2) . Some of the yeasts showed slight activity but the bacteria had none. All organisms grew when cellulose was replaced by carboxymethylcellulose or glucose. A few organisms showed slight groyth even in the absence of an added carbon source, presumably on monomeric components in agar.
Quantitative analysis of cellulase activity. Large variations in cellulase activity were detected depending on the assay substrate and location of the activity (Table 3) . Only the fungi, with the exception of Mucor hiemalis, showed positive cellulase activity in these assays and this was mainly extracellular. Generally, activity was greater against Avicel, but with Geotrichum candidum, activity was detected only on carboxymethylcellulose. Cladosporium cladosporoides produced the highest cellulase activity detected on both Avicel and carboxymethylcellulose. Only weak activity was found for any culture filtrate with cellobiose as the enzyme substrate. The intracellular cell extracts generally had greatest activity against cellobiose.
D I S C U S S I O N
A source of variation in cellulase assays is the type of cellulose substrate used. Different forms of cellulose vary in the extent of their crystallinity (Rautela & King, 1968) , but the finding that filter paper and carboxymethylcellulose, both of which are frequently used for cellulase assays, contain up to 30% hemicelluloses is surprising. Even Avicel, cellulose powder and the freshly prepared straw cellulose contained 10% hemicelluloses.
Cultures of Trichoderma species are the normal sources of cellulase for industrial use. In this study two cellulolytic species of Trichoderma were isolated, but these did not produce the greatest cellulase activities of the species isolated (at the time and temperature used for the assay). The quantitative cellulose assay provided some comparison of cellulolytic activity. The agar plate assays gave some confusing results depending on the medium used, and the quantitative assay would also be subject to this restriction. For example, Penicillium cyclopium grew much better on straw cellulose in medium A than in medium C. Growth conditions would also presumably affect enzyme activity. The two different isolation systems yielded a different population of cellulolytic fungi. The bacteria and yeasts which were simultaneously isolated were non-cellulolytic. It is possible that they may be members of stable communities (Slater & Bull, 1978) with the fungi. Such interactions between dcro-organisms might result in a more efficient overall cellulolysis, such as occurs in rumen cellulolysis (Lynch et al., 1979) .
In the soil, community interactions are common. Our isolates were obtained from populations selected under forced aeration, whereas in naturally aerated soils, anaerobic microbial activity is widespread (Drew & Lynch, 1980) . In the absence of oxygen, anaerobic bacteria can be expected to contribute to the overall cellulolysis. Even if oxygen is present, as part of a community interaction aerobes may provide respiratory protection to the cellulolytic anaerobes (R. E. Hungate, personal communication).
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